The growth of microtubules through the so-called dynamical instability is analyzed within a simple theoretical model in which the polymers are nucleated by a flat surface. For an isolated microtubule the model predicts the existence of a transition between bounded and unbounded growth. It is also shown that this transition alters the assembly of dense structures, e.g. , by drastically limiting the number of long microtubules grown from the surface. Coupled to the microscopic biochemical control of the growth, such physical eff'ects seem to play an important role in the regulation of the formation of cellular structures (such as the mitotic spindle). [7] . Compared with the usual reversible polymerization the growth through dynamical instability amplifies the length fluctuations, which may be very useful for an efticient regulation of the formation of cellular structures made out of MTs.
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The growth of microtubules through the so-called dynamical instability is analyzed within a simple theoretical model in which the polymers are nucleated by a flat surface. For an isolated microtubule the model predicts the existence of a transition between bounded and unbounded growth. It is also shown that this transition alters the assembly of dense structures, e.g. , by drastically limiting the number of long microtubules grown from the surface. Coupled to the microscopic biochemical control of the growth, such physical eff'ects seem to play an important role in the regulation of the formation of cellular structures (such as the mitotic spindle). [1] .
They constitute an important part of the cellular scafIold (cytoskeleton) and provide a network of "rails" for an active intracellular transport [2, 3] . MTs also play a crucial role in cell division; during mitosis they form the mitotic spindle, which first spatially organizes chromosomes and which is then used to divide the chromosomes between the two daughter cells [2, 3] .
Formation of a MT network or a mitotic spindle is a fascinating phenomenon whose mechanisms only begin to be elucidated [4] . On its very basis lies a process of out-of-equilibrium aggregation (polymerization) called "dynamical instability" [5] . A MT, nucleated in a homogeneous and isotropic solution, can under appropriate conditions constantly switch between assembly and disassembly states. This apparently random, "sawtooth" behavior ( Fig. 1 ), observed both in vivo and in vitro [5, 6] , is driven by the hydrolysis of GTP nucleotides bound to the tubulin proteins (i.e. , the transformation GTP GDP) [7] . [7] . Compared with the usual reversible polymerization the growth through dynamical instability amplifies the length fluctuations, which may be very useful for an efticient regulation of the formation of cellular structures made out of MTs.
In this paper we consider some physical aspects of the phenomenon of dynamical instability which until now has been mainly studied from the cell biology and biochemistry points of view [8] . We use a theoretical model with a very simplified, semi-infinite geometry, in which infinitely rigid MTs grow perpendicularly to a nucleating planar surface (Fig. 1, inset) The presence of the sharp transition provides a very efficient mechanism of the regulation of MT structures: By varying only slightly the effective parameters of the dynamical instability, the cell (or more precisely the enzymes controlling the cell cycle) may change the distribution of polymer lengths [11, 13] . The relevance of such a mechanism for mitotic MTs has indeed been demonstrated in recent experiments [11] .
The existence of a transition between the bounded and unbounded growth also strongly influences the MT behavior for I~lD. To see this it is useful to consider first the case of the irreversible growth in the same "semiinfinite" geometry [8, [14] [15] [16] . In this case, the growing rigid polymers leave a region depleted of monomers behind their advancing tips. The main consequence of the depletion is a progressive slowing down of the growth and formation of a wide distribution of the polymer density p, with all lengths present [up to the maximal length, ((t) =v+t] [8, 16] . This relatively simple behavior can be contrasted with the case of polymers growing through dynamical instability, where the effect of the depletion can be much more drastic (Fig. 2) . In [17] . The relative number n* of MTs in the packet which escapes from the surface depends weakly on the exact initial conditions; however, it seems that for co c", n* approaches zero with a more universal, power-law dependence (Fig. 3) . It is interesting to notice that this unusual growth phenomenon can also be viewed as an "autoregulation" mechanism: The growing ensemble of MTs limits its own growth through the depletion of monomers which it creates. 
where we have put the microscopic length scale b (the size of a protein) equal to 1. The polymer density p(z) is related to p+(z) and p -(z) through p~+p -= -B,p.
In writing the above equations we have neglected the effect of (slow) regeneration of the disassembled GDP tubulin to active GTP tubulin [8] . This last process involves short curved oligomers made out of GDP tubulin [7] , which, however, seem not to participate in the growth phenomenon itself. We have therefore neglected their presence. At the nucleating surface we assume simple boundary conditions: r), CIA-o =0t~&t& = v+p+ Iz=o+ v p I, =o, (6) tt+p~I~o =vs, where s is the density of free nucleation sites and v is the nucleation rate. These equations can be solved through standard numerical methods [8] . In addition, in order to verify that the presence of thermal fluctuations does not alter the main conclusions of the mean-field theory we perform on-lattice Monte Carlo (MC) simulations with the Metropolis algorithm [8] . For [11, 13] . For instance, the enzymes called cyclin-B associated kinases, which become active during mitosis, may increase f+ -severalfold and in this way shorten drastically the average length of MTs (nucleated froin the surface of centrosomes). Even more surprisingly [11] ,it seems that the cell may use the transition (threshold) between the unbounded and bounded growth to go from nonmitotic to mitotic structures.
Whether the additional autoregulation mechanism through diA'usive eA'ects described above, which limits the density of growing microtubules, is im- [17] Similar division is also present for a simple reversible growth; however, the dynamical instability strongly reinforces this effect (Ref. [8] ).
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